In this study, the antioxidant capacities of main quinone constituents of Nigella sativa seeds, namely dithymoquinone (1), thymohydroquinone (2) and thymoquinone (3), were compared using DPPH and ORAC methods. The best scavenging activity was produced by 2, which showed a remarkable activity of 2.60 Trolox equivalents (TE) in a concentration range between 1.6 and 6.4 µg/mL and IC 50 value of 2.4 µg/mL in ORAC and DPPH assays, respectively. Contrastingly, 3 possessed only weak DPPH scavenging efficacy (IC 50 = 170 µg/mL) but significant antioxidative action of 1.91 TE in ORAC assay. No effect has been observed for 1. Additionally, modified protocol for synthesis of 2 has been developed with aim to enhance its availability for further studies as well as for its future potential use. Based on the results of this study, we conclude that 2 could be considered as a compound with prospective antioxidative properties.
Nigella sativa L. (Ranunculaceae), commonly known as black seed or black cumin, is an annual plant which seeds have traditionally been used in the Indian subcontinent, Arabian countries and Europe for culinary and medicinal purposes, among others as a natural remedy for a number of chronic and age-related disorders known to be associated with harmful oxidative processes, including cardiovascular diseases, cancer, diabetes mellitus or rheumatoid arthritis. These claimed folk medicinal uses have subsequently been confirmed in a number of pharmacological studies demonstrating significant antihypertensive, anticarcinogenic, antimutagenic, antidiabetic, anti-inflammatory, and analgesic actions of the plant [1] .
As a part of exploration of biological activities of N. sativa, the direct antioxidative effect of seed powder, fixed or volatile oil and various kinds of extracts have thoroughly been studied using different types of in vitro [2] or in vivo modes [3] . In several previous studies evaluating antioxidative properties of individual constituents of N. sativa seeds using in vitro methods based on measurement of electron transfer and reactive oxygen species scavenging, carvacrol, thymol, and thymohydroquinone (2) showed stronger effect than dithymoquinone (1) and thymoquinone (3) ( Figure 1) [2a,4] . Among presently available methods used for assessment of antioxidant capacity in vitro, the techniques measuring hydrogen atom transfer are considered to be relevant to the evaluation of radical chain-breaking effect of food and biological samples, whereas oxygen radical absorbance capacity (ORAC) assay is recommended for measuring the hydrogen atom transfer ability due to its extensive validation in the number of laboratories and the comparable data available [5] . However, according to our best knowledge, there are no detailed data comparing antioxidative potentials of these quinone constituents measuring the hydrogen atom transfer ability. Thus, we decided to determine antioxidative potential of 1, 2 and 3 using ORAC assay with aim to determine detailed antioxidative characteristics of N. sativa quinones. For comparison of results with other reports, we simultaneously submitted all those three substances to the DPPH test. Moreover, the enhanced protocol for the synthesis of 2 has also been developed as a part of this study. As the results in Table 1 show, the best scavenging activity was produced by 2, which showed a remarkable activity of 2.60 Trolox equivalents (TE) in a concentration range between 1.6 and 6.4 µg/mL and IC 50 value of 2.4 µg/mL in ORAC and DPPH assays, respectively. Among all compounds tested in this study, only 2 possessed the stronger antioxidative effect than reference compound Trolox (T) in evaluation by both methods. Contrastingly, the inconsistent results have been observed for 3 that possessed only weak DPPH scavenging efficacy (IC 50 = 170 µg/mL) but significant antioxidative action of 1.91 TE at concentrations ranging from 1.6 to 6.4 µg/mL in ORAC assay. The dimeric quinone structure 1, exhibited no significant antioxidative effect in any assay used. The kinetic curves obtained from ORAC assay for T and all three quinone compounds at concentration of 6.4 µg/mL are illustrated in Figure 2 .
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Our results of DPPH assay are in accordance with data previously published by Jukic and Milos [4b] who observed that 2 possessed stronger ability to reduce the DPPH radical than T, 1, and 3 at concentration 214 µg/mL and with IC 50 value 6 µg/mL determined by Khalife and Lupidi [4c] , as well as correspond with reports of Badary et al. [6] and Burits and Bucar [2a] whose found 3 to be relatively weak antioxidant with IC 50 values 164 and 211 µg/mL, respectively.
In contrast to results of DPPH test, our data obtained from ORAC assay show that both of these compounds expressed significant antioxidative actions based on their hydrogen donating abilities. We suggest that previously determined considerable differences in antioxidative capacity of phenols, the group of compounds known to act as typical donators of the hydrogen atom in process of radical scavenging [7] , by methods based on different mechanisms, including DPPH and ORAC assays [8] , can explain variations in antioxidative capacity detected in this study for 3. In addition, because of the hydrogen atom donation is essential in the radical chain reaction stage of lipid peroxidation we consider 2 and 3 as prospective chain-breaking inhibitors of oxidative processes. Moreover, since the methods measuring hydrogen transfer are considered as more relevant to antioxidant capacity in vivo than electron transfer assays [5] , the results of ORAC assay suggest 2 and 3 as effective antioxidants for As far as the general antioxidant properties of N. sativa are considered, we suggest that 2 and 3 participate in the total antioxidative activity of seeds. Nevertheless, the relatively low content of these compounds reported for seed fixed oil [10] is probably not sufficient to account for all its antioxidative action, and some contribution must come from another antioxidant components present in the oil such as β-carotene, tocopherols, phospholipids, and selenium [11] . Contrastingly, 3 which is one of the main components of N. sativa essential oil [12] seems to be the principal compound responsible for its reported antioxidative activity, although other components found in the volatile oil in higher content such as carvacrol, carvone [13a] or thymol [13b] known to possess antioxidative properties [14] may also contribute to this action. In addition, the low content of 2 in the essential oil [12a] probably does not significantly contribute to its direct antioxidant capacity, however various catalytic processes running in cellular redox systems such as enzymatic [15a] or non-enzymatic [4c] reduction of 3 to 2 could play a significant role in the antioxidative activities reported for different in vivo treatments with 3 or N. sativa essential oil.
In conclusion, our in vitro study provides the first evidence, as far as we know, that 2 and 3 exhibit significant antioxidant properties when evaluated using method monitoring hydrogen atom transfer, which suggest that both of these compounds might act as effective chainbreaking inhibitors of oxidative processes. In particular, reduced form 2 has been found to be the most effective antioxidant with potential to protect biological systems Antioxidant capacity of Nigella sativa seed quinones Natural Product Communications Vol. 6 (2) 2011 215 against oxidative damage, and as a part of this study, modified protocol for synthesis of this compound has been developed with aim to enhance its availability for further studies as well as for its future potential use. However, further studies focused on in vivo antioxidative effects of 2 must be performed prior its potential use as a protective agent of various health disorders occurring with participation of oxidative stress. (3), Trolox (T), 2,2′-Azobis(2methylpropionamidine) dihydrochloride (AAPH), fluorescein (FL) and 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) were purchased from Sigma-Aldrich (Prague, Czech Republic). Dithymoquinone (1) (purity: 98%) was prepared by the dimerization of 3 by the action of daylight using Smith and Tess [15b] method. Thymohydroquinone (2) (purity: 96%) was prepared by reduction of 3 with acetic acid in the presence of zinc powder according to the method described further. Identity and purity of 1 and 2 were confirmed by UV and 1 H NMR spectroscopy and GC/MS analysis.
Experimental

Chemicals: Thymoquinone
Thymohydroquinone preparation:
The usually applied method for 2 semi-synthesis begins with conversion of 3 to its bisulphite derivative by sodium bisulphite followed by acidification, which forms reduced 2 [10,16a] . In this study we rationalized this part of the method using one-step reduction of 3 by acetic acid in the presence of zinc powder as a catalyst. The brief description of the enhanced protocol for 2 preparation is as follows: 3 (50 mg) was dissolved in 3 mL of concentrated acetic acid (99%) and 5 g of zinc powder was subsequently added. The reaction mixture was stirred for 4 hours monitored by TLC under laboratory conditions and then filtered. The TLC was performed on TLC Silica gel 60 F254 (Merck, Prague, Czech Republic) plates with chloroform: ethanol (9:1) as mobile phase. Vanillin dissolved in sulfuric acid in ethanol (1%) was used as visualizing agent. Liquid fraction was evaporated under vacuum in rotary evaporator Buchi, Flawil, Switzerland) . The solid residue was dissolved in water, acidified by addition of hydrochloric acid (to 5% v/v) and residues of yellow colored 3 were removed by repeated extraction with hexane. 2 was then extracted three times with distilled diethyl ether and evaporated under stream of N 2 . For further purification, sublimation at 168°C was used and colorless needle crystals of 2 were stored for tests under argon in the dark. Yield of the reaction was 42% after purification.
DPPH radical scavenging capacity assay:
The DPPH test was performed according to the method recently revisited by Sharma and Bhat [16b] . Initially, two-fold serial dilutions of each sample (quinones or T) were prepared in methanol (175 µL) in 96-well microtiter plates. Subsequently, 25 µL of freshly prepared 0.4 mM methanol solution of DPPH was mixed with the sample in each well creating a range of concentrations from 256 to 0.25 µg/mL (final volume of 200 µL) to start the radical-antioxidant reaction. The mixture was kept in the dark at 30ºC and absorbance of samples was measured after 30 min at 517 nm using Infinite 200 reader (Tecan, Mannedorf, Switzerland). The half maximal inhibitory concentration (IC 50 ) values were calculated using Magellan V 6.3 software (Tecan, Mannedorf, Switzerland). The results are expressed as an average of three separate experiments, each performed in three replicates.
Oxygen radical absorbance capacity (ORAC) assay:
The ORAC assay was performed using a method previously described by Ou et al. [17a] with slight modification suggested by Held [17b] in 96-well black microplates for fluorescent applications, were outer wells are filled with 200 µL of distilled water to provide better thermal mass stability. Prior to the testing, stock solutions of AAPH and FL were prepared in 75 mM phosphate buffer solution (pH 7.0). At the beginning of the assay, 25 µL of each sample (quinones or T) was mixed with 150 µL of FL (48 nM) and incubated at 37°C for 30 min. The reaction was started by the addition of 25 µL of AAPH (153 mM) yielding a volume of 200 µL in each well and creating final sample concentration of 6.4, 3.2, and 1.6 µg/mL. After the addition of AAPH, the fluorescence changes were measured every minute for 80 min using Infinite 200 reader with the absorbance and emission wavelengths set at 494 and 518 nm, respectively. Simultaneously, the controls were measured without antioxidant as well without AAPH and antioxidant. All samples were analyzed at three dilutions and the mean value was taken for ORAC, as recommended by Huang et al. [17c] . The quantification of the antioxidant activity was based on the calculation of the area under the curve, as proposed by Cao and Prior [17d]. The antioxidant activity was expressed as TE. Reaction mixtures were prepared in triplicates and three independent assays were performed for each sample.
